Introduction
Indonesia is one of the ten member states of the economically and politically diverse regional organization of the Association of Southeast Asian Nations (ASEAN). Its area covers the tropical countries of Southeast Asia bar East Timor (Fig. 1) . It comprises four of the 25 global biodiversity hotspots (Indo-Burma, Sundaland, Wallacea and the Philippines; Myers et al. 2000) , three of the 17 global megadiverse countries (Indonesia, Malaysia, and the Philippines; Mittermeier et al. 1997 ) and the most diverse coral reefs in the world (ACB 2010). All member states are Parties to the Convention on Biological Diversity (CBD Secretariat 2016a) and carry out joint activities focusing on nature conservation and biodiversity (ASEAN 2015a) . This includes an ASEAN Centre for Biodiversity (ACB) as a Biodiversity Clearing-House Mechanism, an ASEAN Heritage Parks Programme, and an ASEAN Cooperation on Environmental Education (ASEAN 2015a , ASEAN 2015b . Besides the overall ASEAN biodiversity-related activities that do not stop at national borders (ACB 2016a), we here focus on the changing role and pathways of biodiversity in Indonesia and discuss different approaches to biodiversity within the ASEAN in relation to Indonesia.
Why a focus on Indonesian biodiversity? The Indonesian archipelago comprises 17,000 islands with many different types of habitats and an extremely complicated geological history, although the latter counts not only for Indonesia but for Southeast Asia in general (Bruyn et al. 2014) . Biogeographic, geological, climatic and ecological factors led to the evolution of a megadiverse fauna and flora with a high number of endemic and ecologically highly-adapted species (Lohman et al. 2011) . Likewise, there is a high potential of pharmaceutical and biotechnological research opportunities. Indonesia has, for example, the second highest number of indigenous medicinal plants, after the Amazon rain forests (Elfahmi et al. 2014 ), 10% of the world's flowering plant species, about 12% of the world's mammals, about 16% of the world's reptiles and 17% of the total species of birds (CBD Secretariat 2016b). Many if not most of these species are under a constant threat to become extinct before they are even discovered or scientifically explored. Thus, optimism about the future of Indonesia's biodiversity and natural resources is somewhat restrained (Persoon and van Weerd 2006) . We further review recent developments in terms of environmental policy, sustainable use of biodiversity and the internationalization of science and research on Indonesian biodiversity. 
Map of Southeast Asia.
The ten member states of the Association of Southeast Asian Nations (ASEAN) in Southeast Asia. The map shows the isolated islands of Indonesia and the Philippines. Their complex biogeographical and geological history led to the evolution of an extraordinary biodiversity and endemism. Map modified from d-maps.com (the original map was downloaded from http:// www.d-maps.com/carte.php?num_car=28675&lang=en).
The changing role and pathways of biodiversity in Indonesian society
Biodiversity affects different aspects of Indonesian society. Indonesia is not only megadiverse in terms of biodiversity but also in terms of cultural diversity. The country has about 370 ethnic groups (Persoon and van Weerd 2006), i.e., the third highest cultural diversity worldwide (Mittermeier et al. 1997 ) associated with a long tradition of local knowledge systems of sustainable biodiversity utilization and nature conservation (BAPPENAS 2003) . Therefore, we try to illustrate general traditional pathways of biodiversity into modern Indonesian life (Fig. 2) by adapting the integrative approaches and the combination of ideas of the term biodiversity from different sub-disciplines as in Pilgrim et al. 2009 and Clark et al. 2014 . Additionally, we include changes to the concept of biodiversity and its perception over time (traditional -transition -modern; Fig. 2 ).
The traditional pathways of biodiversity (Fig. 2) represent the oldest form and the basic roots of knowledge such as traditional farming systems (e.g., Retnowati et al. 2014) or traditional medicine (e.g., Elfahmi et al. 2014 ), all of them on a local scale (small-scale idea of biodiversity; Fig. 2 ). The biodiversity pathways between "traditional" and "modern" may not be "transitional" in the scientific sense but illustrate the changing role of biodiversity in the country (Fig. 2) : Starting in the early 1990s, Indonesian policymakers developed a The oldest forms of biodiversity-related knowledge changed over time and (local) space, also from rather bottom-up (local knowledge) to more top-down pathways (e.g., governmental programmes) (continuous line). However, modern pathways also rely on older pathways and the whole process is not only unidirectional (dashed line) as older pathway (traditional knowledge and medicine) are often making a comeback.
national idea of biodiversity, its conservation and potential use as a national resource (Caldecott 1996) . The country established a National Biodiversity Action Plan in 1993 and became Party to the Convention on Biological Diversity in 1994, followed by other measures over time (CBD Secretariat 2016a) . This was an important transition from the traditional and local towards a national idea of biodiversity with various consequences for modern pathways such as research, legal aspects, and environmental policy (Fig. 2) .
Apart from the national perspective, there are also rather small-scale transitional pathways: Traditional pathways can make a comeback in modern life, such as traditional medicine (jamu) (Antons 2010) , and has often been handed down orally from generation to generation until today. For instance, a local community in Central Sulawesi still uses a total of 96 medical plant species (Gailea et al. 2016) . However, problems may arise when traditional knowledge is not formally taught or even recorded but learned from observation and personal experience and thus difficult to communicate in modern knowledge systems (Retnowati et al. 2014 ).
In comparison, the modern pathways (Fig. 2) are a clearly younger development of modern society in Indonesia and beyond. Climate change and biodiversity loss are among the global challenges and modern threats, especially in megadiverse countries like Indonesia with its huge carbon storage ecosystems such as the unique peat swamps forests on the islands of Sumatra and Kalimantan. The key drivers of biodiversity loss, not only in Indonesia but in all ASEAN countries, are climate change, habitat change, invasive alien species, overexploitation, pollution and poverty (ACB 2010). Indonesia increasingly aims to take part in research on the sustainable use of natural biological resources, e.g., through science and technology and the relatively new field of bioeconomy including various developments in biotechnology, pharmacy and health issues (Fig. 2) .
A biodiversity-related comparison of Indonesia and the other ASEAN member states
We here discuss different approaches to biodiversity in Indonesia and all other ASEAN member states. The following parameters used to compare biodiversity-related data among the ASEAN member states are mainly based on the Convention on Biological Diversity (CBD) and the ASEAN Centre for Biodiversity (ACB): National biodiversity data, threatened species, invasive alien species, conservation programmes and ABS (Access and Benefit Sharing) regulations. Furthermore, we compare the research output (publications) on country-specific biodiversity, biodiversity-related infrastructure per country, general economic data, bioeconomy policy strategies and approaches for the sustainable use of biodiversity.
National biodiversity facts and figures
The Convention on Biological Diversity uses the National Biodiversity Index (NBI) to quantify biodiversity in different countries. The NBI estimates country richness and endemism in four terrestrial vertebrate classes and vascular plants, index values range between 1.000 (maximum) and 0.000 (minimum) and includes some adjustment allowing for country size (Suppl. material 1).
Indonesia has the highest NBI of all ASEAN countries, Cambodia the lowest (Suppl. material 1). What causes these major differences (NBI ranging from 1.000 to 0.568) within the ASEAN member states? First of all, definitions and indicators used to value and measure biodiversity are not applied uniformly (Duelli and Obrist 2003, Halkos and Tzeremes 2010) . General difficulties in establishing operational indicators are due to the complex, multi-dimensional nature of biodiversity (Noss 1990, Scholes and Biggs 2005) . The criteria used by the Convention on Biological Diversity (Suppl. material 1) are sound and the CBD per se is of policy relevance (Scholes and Biggs 2005) , an aspect that not all approaches share. General studies focusing on the ASEAN region come up with similar rankings (such as Persoon and van Weerd 2006). The special insular nature (isolated islands of oceanic origin), the complex geological history and the stable tropical climate of the so-called Wallacea region (insular Indonesia without land connections in the past) and the Philippines led to the development of high species richness and a high number of endemic biota (Sodhi et al. 2004) .
It is essential to consider the threats to and loss of biodiversity when looking at biodiversity hotspots as defined by Myers et al. 2000 (areas with a high degree of endemic species that are highly threatened by loss of habitats): Suppl. material 1 shows the number of threatened species/animals/plants and invasive alien species per country. Generally, countries with a high NBI also show a higher number of threatened species than countries with a lower NBI. Slight deviations, such as the lower rank of Brunei in contrast to its much higher NBI rank or the high rank of Singapore despite its small area (Suppl. material 1), may be caused by the fact that the CBD definition of the NBI includes some adjustment allowing for country size whereas the IUCN Red List does not (see legend of Suppl. material 1). Slight deviations also occur when looking at the number of threatened animals and plants separately (Suppl. material 1): Indonesia shows the second highest number of all threatened species, the highest number of threatened animal species, and a lower number of threatened plant species, whereas Malaysia shows a lower number of threatened animals and the highest number of threatened plants.
Invasive species can have negative economic and environmental impacts and are also an increasing threat to biodiversity in Southeast Asia (Nghiem et al. 2013 ). Indonesia and the Philippines have the highest number of invasive alien species (Suppl. material 1). The special insular nature of both countries along with the high number of endemic species vs. a high number of invasive alien species makes both countries more vulnerable to negative impacts than any other ASEAN member state.
Biodiversity-related conservation programmes and ABS regulations
Within the ASEAN region, there are several (national) biodiversity-related policies and conservation initiatives. We here focus on major programmes that exist across all ASEAN member states such as regional protected areas (PAs) including the ASEAN-specific Heritage Parks Programme. Another recent development is the so-called Nagoya Protocol on ABS (Access to Genetic Resources and the Fair and Equitable Sharing of Benefits Arising from their Utilization): Abundance of biodiversity in the ASEAN region also means abundance of genetic resources. If these genetic resources and the traditional knowledge associated with them are studied and utilized abroad (e.g., from basic biological research to applied research & development), the Nagoya Protocol on ABS applies. As a supplementary agreement to the CBD "it provides a transparent legal framework for […] the fair and equitable sharing of benefits arising out of the utilization of genetic resources" (CBD Secretariat 2016c), and thus clearly identifies genetic resources as the property of the state in which they were found, e.g., in Indonesia (Latifah 2015) .
Suppl. material 1 shows the number of PAs and percentage of total land and marine area covered by PAs of each ASEAN member state: Malaysia and Indonesia have the highest total number of PAs (Suppl. material 1), whereas Singapore has the lowest number. The numbers of PAs with only IUCN categories shows a slightly different picture: Indonesia has the highest number, followed by the Philippines and Malaysia. Looking at the percentage of terrestrial and marine areas (Suppl. material 1), Brunei has 47% of its territory covered by PAs (mainly forest reserves), which is more than any other ASEAN country (same source as in Suppl. material 1), whereas Indonesia falls only on rank 7 of 10 with 15%, the other countries below 10%.
However, the IUCN management categories are voluntary for countries to apply and the lack of such does not mean a lack of protected management or biodiversity conservation (UNEP-WCMC 2014). Ferraro et al. 2013 argue that strictly protected areas are not necessarily more protective and thus that strictness of protection should not necessarily be a guideline for policymakers in protected area management. Brazil, for instance, has over 2,000 PAs (with a total coverage of 31%) but only about 50% are according to IUCN categories (same source as in Suppl. material 1). Germany has over 17,000 PAs (alone 38% of terrestrial area are protected) with only 694 PAs without IUCN categories (same source as in Suppl. material 1). Thus, on a global scale, the total number and percentage of territory covered by PAs per country are higher in several countries outside than within the ASEAN. ASEAN Heritage Parks (Suppl. material 1) are areas of conservation with unique biodiversity and ecosystem importance which all ASEAN member states agreed to effectively manage (ACB 2015). As of 2015, there are 37 AHPs altogether (Suppl. material 1), the most in the Philippines, the fewest in Brunei and Laos. In Indonesia, three of the four total AHPs are in Sumatra (tropical rainforest as refugia for orangutans, tigers, elephants, rhinoceros and leopards) and one in the remote province West-Papua (ACB 2015).
All ASEAN countries with a lower middle to low economic situation (Suppl. material 1): Income level, Human Development Index) are parties to the Nagoya Protocol (Suppl. material 1), either by ratification (Cambodia, Indonesia) or accession (Laos, Myanmar, Philippines, Vietnam) -the legal effect is the same however (same source as in Suppl. material 1). Thailand (upper middle income, high Human Development Index; Suppl. material 1) signed the protocol in 2012 but has not become a party yet. The other relatively well-off countries Brunei, Malaysia and Singapore have not signed it at all and have not become parties either (Suppl. material 1). Malaysia, Singapore and Thailand nevertheless established national focal points to exchange information on access and benefit-sharing of genetic resources (ABS Clearing House 2016).
Biodiversity-related research output
Various public (partly national) and private research institutions in the ASEAN region conduct biodiversity-related research. However, there are major differences in research infrastructure and research output per country. One method to compare the research output on local biodiversity is to look at the number of scientific publications on biodiversityrelated topics per country in ISI-listed journals (for details see legend of Suppl. material 1. Suppl. material 1 shows publications on national biodiversity topics -from basic to applied research -by any author worldwide until 2016. In addition, it lists the percentage of publications with at least one local author and institution per country.
Generally, the results (for details seeSuppl. material 1) suggest that the higher the National Biodiversity Index (NBI) the higher the international research output on national biodiversity: Indonesia has the highest NBI and the highest number of publications, Malaysia second and the Philippines third in both categories, the lowest record holds Laos. The ranking changes however, when we compare the percentage of local authorship to the total number of publications per country (Suppl. material 1): Singapore has the highest percentage, followed by Thailand and the Philippines. Indonesia only is on rank six. When these results are compared with those from other non-ASEAN countries with the same parameters used in Suppl. material 1, the results are surprisingly different: Germany, for example, shows 933 publications on its local biodiversity and 85% with at least one German author; Canada 1,389 results on Canadian biodiversity and 80% with at least one Canadian author; the megadiverse Brazil -unsurprisingly perhaps -ranks highest with a total of 3,372 publication and 84% with at least one local author. However, if we compare the National Biodiversity Index (Suppl. material 1) as a rough indicator of the countries' biodiversity, the numbers for Germany and Canada are lower than in any ASEAN member state (Brazil: 0,877; Germany: 0.365; Canada: 0.299; ASEAN mean, excluding Singapore: 0.726). This simple comparison illustrates the future potential of biodiversity research within the ASEAN, especially in megadiverse countries Indonesia, Malaysia, and the Philippines.
Biodiversity-related infrastructure within the ASEAN
Biodiversity-related infrastructure within the ASEAN was assessed by counting local institutions with natural history collections, zoological and botanical gardens, herbaria, biobanks, culture and other collections per country (Suppl. material 1: Biorepositories/ biological collections): according to this, Thailand has the highest number, followed by Malaysia, Indonesia, the Philippines and Vietnam, all other countries have noticeably less. However, the numbers given in Suppl. material 1 do not necessarily correspond with high quality standards: Singapore's biodiversity-related research structure is known for its excellence despite the comparatively low number given in Suppl. material 1 (National University of Singapore 2016) . In Indonesia, the Indonesian Institute of Sciences maintains the best curated and equipped biological collections situated in West-Java (LIPI 2016a).
A possible reason for the high number of biorepositories in Thailand might the high proportion of so-called culture collections (these are repositories of cultures of microorganisms and cultured cells), i.e., 63 culture collections among a total of 86 biorepositories (Suppl. material 1). Indonesia, Malaysia, the Philippines and Vietnam also have a relatively high number of biorepositories within the ASEAN but a lower percentage of culture collections than Thailand (Suppl. material 1). The lack of biodiversity-related infrastructure together with a low economic standard (Suppl. material 1) seems to result in a generally lower research output in Laos, Myanmar and Cambodia. Brunei, despite its relative wealth, does not seem to invest too much into its biodiversity infrastructure and publication output (Suppl. material 1). In contrast, Singapore's high number of local publications together with a relatively high number of biorepositories compared to its country size (Suppl. material 1) is not surprising as the country is known to invest a lot in its own biodiversity (e.g., National Parks Board Singapore 2016; National University of Singapore 2016).
A general problem of all biological collections within ASEAN is subtropical or tropical climate with high temperatures, high humidity and lots of potential threats like insect pests and mold. Dry and alcohol-preserved collections need to be air-conditioned and wellmaintained. In Indonesia, for instance, with its thousands of islands, this certainly is a challenge, although the problem can be mitigated in important logistic hubs like the area around the capital Jakarta in West-Java with its national collections of the Indonesian Institute of Sciences (LIPI).
Bioeconomy and sustainable use of biodiversity
Bioeconomy is a relatively new field of economy. Its aim is the utilization of renewable biological resources and their transformation into sustainable products for industrial purpose, for example, biological pharmaceuticals, biofuels, biosensors (Fund et al. 2015) . Not all ASEAN member states pursue bioeconomy policies Suppl. material 1): So far only Malaysia has developed a dedicated bioeconomy policy strategy, Indonesia and Thailand a bioeconomy-related policy strategy. Each country has different priority areas in their respective strategy: Indonesia (energy, agro-industry), Malaysia (agriculture, forestry, fisheries, energy, chemicals) and Thailand (agriculture, energy, agroindustry, chemicals, health care) (Fund et al. 2015 , German Bioeconomic Council 2016 ). Thailand's bioeconomic development provides, for example, a holistic view of R&D on biotechnology and its application across medical, agricultural, aquatic and industrial fields (Fund et al. 2015) . In this respect, the well-established culture collections in the country (Suppl. material 1) are certainly an advantage compared to other ASEAN states.
Indonesia and Germany, for instance, have a long-term cooperation in biotechnology and recently established a cooperation between the Indonesian Institute of Sciences (LIPI) and several German research institutes in the fields of biodiversity and health sciences (LIPI 2016b). In the framework of "Biodiversity & Health -from biodiscovery to biomedical innovation" the Federal Ministry of Education and Research Germany (BMBF 2016) funded eight German-Indonesian collaborative research projects and an accompanying research scholarship programme (DAAD 2016) . Among the projects funded, three combine classical primary biodiversity data from fauna, bacteria and flora in Indonesia with innovative approaches towards the discovery of sustainable bioresources for new medical products (DAAD 2016).
Biodiversity-related education and capacity building
Within the ASEAN, there are many initiatives on environmental education by schools, universities, governmental research institutions, and various NGOs. As a joint feature, the ASEAN established ASEAN Guidelines on Eco-Schools for environmentally friendly model schools in the region in order to raise environmental awareness in every aspect of the education system (The ASEAN Secretariat 2013) . Indonesia has a long tradition of environmental education, dating back to the 1960s when the first nature lovers group or scout activities started with the official support of the Indonesian government (Nomura 2009 ).
A classical scientific approach to biodiversity is taxonomy, i.e., the identification, description and classification of organisms. It is the basic precondition for conservation and sustainable use of our biotic environment. Taxonomic capacity building is thus essential to secure biodiversity-related knowledge for future generations. Just to name one ASEAN specific initiative, the ASEAN Centre for Biodiversity is frequently holding workshops on taxonomy (ACB 2016b) and other capacity building topics in the framework of biodiversity (ACB 2016c).
In the framework of capacity building, there are a number of bilateral exchange programmes with ASEAN member states. For example, the German Academic Exchange Service (DAAD) is active in all ten countries. Currently, Indonesia started a biodiversityrelated exchange programme with Germany focusing on the innovative discovery and conservation of biodiversity in the framework of "Biodiversity & Health" (DAAD 2016).
Conclusions and challenges for Indonesian and Southeast Asian biodiversity
Indonesia is a megadiverse country. Its special insular nature along with the high number of endemic species vs. a high number of threatened species and a high number of invasive alien species make the country more vulnerable to negative impacts than any other Southeast Asian country. Other key drivers of biodiversity loss such as deforestation and habitat loss are continuing in Indonesia, and are similarly fatal. The long-term destruction of the huge carbon storage ecosystems on Sumatra and Kalimantan are certainly among the bigger challenges, not to mention the transboundary haze pollution caused by forest and peat fires (Lee et al. 2016 ).
In terms of biodiversity conservation, Indonesia has one of the highest numbers of protected areas within the ASEAN and the highest number when applying IUCN categories. Nevertheless, compared to a global scale (for instance, this becomes already obvious when only compared to Brazil and Germany), Indonesia still has a high potential for more PAs. Another great potential is biodiversity-related research of various disciplines, from basic taxonomy (identification, description, and classification of organisms) to applied biotechnology and pharmacy. Another key factor is the sustainable use of its numerous biological resources, for example for human health, food security and bioeconomy. Indonesia is one of the few ASEAN member states that have developed a bioeconomy policy strategy. In 2015, Indonesia launched a new Indonesian Biodiversity Strategy and Action Plan (IBSAP 2015 (IBSAP -2020 BAPPENAS 2016) to protect and sustainably use its abundant biodiversity resources to improve its economic and development opportunities (UNDP 2016).
Indonesia was one of the first countries worldwide to sign the Nagoya Protocol (NP) when it was open to signature (May 2011), ratified it in September 2013 and its party status entered into force in October 2014 (ABS Clearing House 2016). The NP not only covers genetic resources in the sense of modern science (e.g., in biotechnology) but also traditional knowledge associated with genetic resources (CBD Secretariat 2016c). As traditional knowledge is deep-rooted in Indonesian society (Fig. 2) , this aspect certainly is not trivial for the implementation of the protocol. Generally, so far, Indonesia has fully adopted the NP to give legal protection for genetic resources from its national biodiversity (Latifah 2015 ).
The international scientific community is well aware of Indonesia's extraordinary biodiversity and its infrastructure is generally well-suited for biodiversity-related research. A good number of comparatively well-equipped research institutions exist throughout the country for this purpose. Unsurprisingly perhaps, no other Southeast Asian country has more publications on their respective natural environment. On the other hand, Indonesia showed a higher discrepancy between international and national biodiversity-related research output (almost 60% of publications lack authors from Indonesian institutes) than other countries with a similarly rich biodiversity. In other words, there is a high potential for local researchers to get their share of the international cake. So, what is the reason for this discrepancy and what can one do to take full advantage of this potential?
Currently, there is rising concern in Indonesia's biodiversity research community over recent financial cuts from the government as well as the fact that the application process for foreign research permits in Indonesia is complicated and time-consuming (see review in Latifah 2015) . Likewise, modern biodiversity inventory techniques like DNA-sequencing and -barcoding (Miller et al. 2016 , Morinière et al. 2016 are much more expensive when conducted in Indonesia than, for instance, in Europe or Singapore. Another obstacle for local researchers and research institutions can be limited access to international literature.
In order to realize its full research potential, Indonesia needs to increase profit from international collaborations and equally strengthen biodiversity interest groups at the national level. For example, it could reach out regionally by linking Indonesian natural history collections, collaborate with museums and herbaria in western countries to get better access to historic collections by making them available online (digitization), and strengthen capacity building in taxonomy and access to international literature in science.
In conclusion, Indonesia has a very high if not the highest biodiversity potential within the ASEAN region. It needs to fully capitalize on this huge potential through targeted and strategic investments in its national scientific and educational capacities to allow long-term value out of its biodiversity for the country -time will tell if the new national biodiversity strategy and action plan might be a further step forward. Due to the highly international and globally connected research and R&D in life sciences in general, the country needs to become more open and engaging in international cooperation, as no single country will be able to successfully master this challenge on its own.
Megadiverse countries like Indonesia, the Philippines or Brazil have a worldwide effect by influencing climate, bioresources, human well-being and health on a larger scale. Generally, there is a high potential for further joint biodiversity-related activities for all ASEAN member states despite different preconditions in economy, infrastructure and environmental policies. Biodiversity does not stop at national borders and there are general environmental threats all ASEAN member states have to face. Although a lot has been done already, it is worth keeping track of biodiversity-relevant political, economic and scientific developments in the region.
Overall, Indonesia's scientific output would greatly benefit from increased internationalization and further capacity building. The bureaucratic obstacles for foreign and local researchers in the country are still high (high level of bureaucracy at all project stages from planning phase, visa procedures, field work permits, scientific exchange and project managment issues, governmental budget cuts for basic research and restricted access to international literature for Indonesian researchers) along with a steadily growing protectionism of its national biodiversity that could hamper the internationalization of science. In the long run, Indonesia has to find a balance between protectionism and sensible access to its national biodiversity to tackle global challenges in science and technology, health issues, food security, and climate change.
